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7 .  G&N Error Analyses 

7.0 This volume, Section 7 of-the Guidance System Operations Plan, G&N Error 
Analysis for CSM, was based on the 504 Mission (AS-504 and 504 Booster). During 
the preparation of this e r r o r  study, the GSOP format changed from a mission-oriented to 
a program-oriented emphasis. 
program that is applicable to all manned CM earth orbital and lunar missions. 
reader  should remember that this e r r o r  study was made for the 504 mission with 
its particular configuration of burns plus reentry. 
study of a mission that uses COLOSSUS. 

The current nomenclature COLOSSUS represents a 
The 

It may be regarded as a specific 
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7.1 Introduction 

The resul ts  of a preliminary e r r o r  study of the effects of IMU component e r r o r s  

in CSM guidance and navigation fo r  the 504 mission are given here.  
trajectories,  f rom the e r r o r  analysis point of view, f o r  the 504 mission are: 1) ear th  
launch o r  boost to orbit, 2) translunar injection, 3) lunar orbit insertion, 4) t rans-  
ear th  injection, and 5) ear th  reentry.  

The significant 

F o r  the f i r s t  two trajectories,  ear th  boost and translunar injection (2nd SIVB 

burn), Saturn guidance is prima ry, while CSM guidance and navigation monitors these 
maneuvers. 
indication uncertainties (where uncertainty equals indicated position o r  velocity minus 
the actual). For  the other trajectories CM guidance is ,  of course,  primary. No 
attempt is made here  to consider the effects of e r r o r s  in the backup modes of opera- 

tion. 

F o r  these trajectories the uncertainties given in the e r r o r  tables are 

E r r o r  studies for these trajectories (except for ear th  launch) include the effects 
of uncertainties in the state vector o r  navigational updates assumed to  take place just 
pr ior  to  the s ta r t  of each burn and pr ior  t o  reentry. The CSM IMU Stable Member is 
fine-aligned to  the desired orientation prior to the s ta r t  of each trajectory on the 
basis of s t a r  sightings and guidance computer calculations. 

7.2 Summary of E r r o r  Studies 

Table 7.1 summarizes some of the principal resul ts  of the e r r o r  studies. This 
table gives the one sigma uncertainties in position and velocity a t  the end of each t r a -  
jectory due to  Block 11 IMU uncertainties. The uncertainties due to each of the 
major IMU uncertainty sources a r e  a lso shown. These sources are: Stable Member 
misalignments, accelerometer and gyro drift uncertainties. 
evaluation of the relative contribution of these major sources to the overall  RSS un- 
certainties. More information about the uncertainties associated with these trajec- 
tor ies  may be found in Section 7.11 and 7.12 as well as in the e r r o r  tables themselves, 
which are located at the end of this section. 

This enables a quick 

Table 7. 2 summarizes the data on RSS uncertainties due to IMU component uncer- 
tainties and to  navigational update uncertainties as well as to their  combined effects. 
F o r  t ransear th  injection, updating with on-board computed data on the basis  of orbital  
navigation and landmark tracking was assumed. A l l  other updates, however, were 
assumed to  use processed tracking data from earth-based r ada r  tracking stations. 
These data are discussed in the next section. Inspection of Table 7.2 shows that up- 
date uncertainties have a greater  effect than IMU uncertainties on cutoff uncertainties 
for  all trajectories except ear th  reentry. 
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Trajectory 

Earth 

Launch 
(1st SIVB 

C. 0.1 

-- 

Trans - 
lunar 
Injection 

Lunar 
Orbit 
Ins e r t i on 

Trans - 
ear th  
Injection 

Re entry 
(at 24, 000 

feet) 

-- 

Table 7. 1 

Summary of Trajectory Cutoff uncertainties due to 
IMU Uncertainties for 504 Mission 

-- 
Uncer- 
:ainty 
Source 

Mlms . 
Accel. 
Gyros 
RSS 

Mlms 
Accel. 
Gyros 
RSS 

Mlms 
Accel. 
Gyros 
RSS 

Mlms 
Accel. 
Gyros 
RSS 

Mlms 
Accel. 
Gyros 
RSS 

CEP 

- 
Position Uncertaiities (ft. ) 

4,627 Feet 

Jelocity Uncertaipties (ft/sec) 

Alt . Track Range - 
0. 58 5.37 0.42 
9. 66 3.29 3.38 
2. 35 68.72 2.10 
9. 95 69.01 4.00 

" 

d' 

Note: Mlms is used as an abbreviation for "misalignment" 
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Table 7. 2 

[MU 
Tkg.Data 
RSS 

IMU 
Tkg. Data 
RSS 

Y 

542 550 431 3.59 3, 53 2.55 
783 386 6,848 7.85 0. 18 0.97 
95 2 6 72 6,861 8.  63 3. 54 2. 73 

50 9 497 483 2. 73 2. 60 2. 50 
1,072 7, 268 A ,  646 4.26 11. 03 0.37 
1 ,187  7, 285 4,671 5.06 11.33 2.53 

-~ ~ 

Trajectory 

Earth 
Launch 
(1st SIVB 
c. 0.1 

I [MU 
Orbit. 
Nav. 
RSS 
IMU 
Tkg. Data 
RS S 

C E P  

Trans - 
lunar 
Inj e c t ion 

59 61 50 1.01 1. 04 0. P 4  

53 0 533 2, p35 1.83 0. 77 0. 43 

53 3 536 2,835 2.09 1. 29 0.95 
0 5, 829 2,013 154.88 18.02 12 .  52 
0 1,468 5 06 6.55 1. 68 1.11 
0 6, 011 2,075 155.02 18.09 12.57 

4, 770 feet 

Lunar 
Orbit 
Ins e rt ion 

Trans  - 
ea r th  
Injection 

Reentry 
(at 
24, 000 
feet) 

Summary of Trajectory Cutoff Uncertainties due to 
IMU and Tracking Update Uncertainties for 504 Mission 

7-5 



At the end of this  chapter detailed e r r o r  tables are given for the four powered 
trajectories and f o r  reentry. 
given: 

F o r  each trajectory the following e r r o r  tables are 

1) Position and velocity uncertainties 
2) Uncertainties in flight path angle, velocity magnitude, etc,  

3) S. M. misalignments and drift angles summary 

In addition, there are a number of supplementary e r r o r  tables, including those giv- 

ing data on covariance matr ices  and on maximum altitude uncertainties in orbit af ter  
ear th  and lunar orbit insertion. 

7.3 Navigational Updates 

P r io r  to the significant CSM burns as well as pr ior  to  translunar injection and 
to  reentry,  there will be navigational (or  state vector) updates of the CM computer's 
computed data on spacecraft position and velocity. 
update before transearth injection these updates will be made on the basis of obser- 
vations made by the radar  tracking stations of the MannedSpace Flight Network 

(MSFN), 
noise, bias, 
gravitational constant. 
tainties existing just prior to each powered trajectory and to reentry were obtained 
from "Preliminary MSFN Error Analysis for AS-504A" by P. H. Mitchell (MSC 
Internal Note No. 67-FM-29, March 1, 1967, MSC, Houston, Texas). 

With the possible exception of the 

Uncertainties in the tracking data exist because of the presence of radar  
uncertainties in station location and in the knowledge of ear th  (or moon) 

The covariance matrices (one sigma) for the tracking uncer- 

The one sigma position and velocity uncertainties, as obtained from the diag- 
onal t e rms  of these covariance matrices a r e  given in the following table relative to  
local vertical  axes a t  the s t a r t  of each trajectory. The update position and velocity 
uncertainties just  prior to translunar injection include the relatively large effects of 
uncertainty in knowledge of acceleration due to  venting. 
the range position and altitude rate  uncertainties, 

These affect particularly 

-- 

Update Uncertainties a t  Trajectory 
Starts 

Table 7.3 
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In conjunction with the e r r o r  runs the tracking uncertainty covariance matrices 
a r e  propagated through these trajectories and reentry to cutoff. 
position and velocity uncertainties are listed at the bottom of the principal error 
tables together with the RSS uncertainties due to IMU component uncertainties and 
the combined RSS uncertainties. 

The corresponding 

The propagated covariance matrices due to  tracking uncertainties and to IMU 
component uncertainties are also given for lunar orbit insertion cutoff in Table 7.16. 

P r io r  to t ransear th  injection an alternative mode of navigational updating may 
be used. 
landmark tracking. 
mode. 

This uses CSM on-board navigational data computed on the basis of lunar 
The e r r o r  study for this chapter assumed this alternate update 

Update uncertainties a t  T .  E. I. trajectory s t a r t  were (in ft and f/sec): 

Alt. Track Range Alt. Track Range 
51 7 522 2, 843 1. 83 0. 76 0.42 

7.4 IMU Errors and Uncertainties 

IMU e r r o r s  can be classed into two groups. These are: (1) those e r r o r s  that 

the CMC (command module computer) can provide compensation for,  and (2) those 
e r r o r s  for  which there is no compensation. 

IMU e r r o r s  a r e  compensated as follows. The average e r r o r  for  the particular 
IMU component is f i rs t  determined on the basis of system tests  extending over many 
months. 
shortly before ear th  launch. 
by means of stored programs in the CMC. 
are then the unpredictable deviations of the actual instantaneous e r r o r  from the 
assumed average e r r o r .  

The negative of the computed average e r r o r  is then stored in the CMC 
Pre-launch and in-flight compensation is then effected 

The rms  IMU component uncertainties 

Table 7. 4 l is ts  the Block II one-sigma IMU e r r o r  uncertainties that were 
assumed for the e r r o r  studies in this chapter. These are the same as those given 

on pg. 3-25 of ME1 No. 2015000, Part I, which l is ts  Block I1 specifications f o r  the 
Apollo Command Module. 

The following IMU e r r o r s  a r e  e r r o r s  that the guidance computer is equipped 

to  compensate for: 

1) Accelerometer bias e r r o r  
2) Accelerometer scale factor e r r o r  
3) Gyro bias drift 
4) Gyro input axis accel. sens. drift 

5) Gyro spin ref.  axis accel. sens.  drift 

These a r e  defined and discussed in some detail in subsections 7.5 and 7.6. 
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Table 7. 4 

Block I1 One-Sigma IMU Error 'Uncertainties 

E r r o r  

Accelerometer E r r o r s  

Bias E r r o r  
S.F.  E r r o r  
Accel. Sqd. Ind. E r r o r  
Input Axis Misalign. 

Gyro Errors 

Bias Drift 
IA Accel. Sens. Drift 
SRA Accel. Sens. Drift 
OA Accel, Sens. Drift 
IA Misalign. about SFLA 
IA Misalign. about OA 

Stable Member Alignment E r r o r s  --- 
Prelaunch Azimuth 

Ve r ti cal 
Free-fall All Axes 

E r r o r  
Symbol 

ACB 
SFE 
NC 

CY 

NBD 
A DIA 
ADSRA 
ADOA 

YS RA 
- b A  

--- 
7 - -  

--- 

RMS Uncertainty 
Compen- (after compen- 

sated? sation when 
applicable 

Yes 0.20 
Yes 116 
No 10 
No 20 

Yes 2 
Yes 8 

Yes 5 

No 1 

No 3 00 

No 300 

>: 

No 5 O:? * 
No 5* * 
No 2 0  

IZ r Tor 
Units 

2 cm/sec 

DPm 

c1 dFi2 
secs.  

me r u  
me r u /  g 

rne ru lg  
r n e r u f r  
secs .  
sees 

secs 

secs. 

secs.  

L 

8/ 

* Listed value for ADOA is not a Block II uncertainty. It represents  a reasonable 

value used fo r  the e r r o r  studies. 

** prelaunch azimuth and vertical  alignmrnts a r e  
not those listed in ME1 No. 2015000. They represent present estimates for t h e s e  

misalignments. 

The error  values listed for S. M. 
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The computer does not provide compensation for the following IMU er rors :  

1) Stable Member initial misalignments (those that are uncorrelated 
with gyro drift) 

Accelerometer input axis misalignments 
Accelerometer acceleration-squared indication uncertainties 
Gyro output axis acceleration sensitive drift 
Gyro acceleration-squared sensitive drift 

Gyro input axis misalignments 

subject of Stable Member initial misalignments wil l  be covered in Section 

7. 9. 

due to gyro bias drift (for all alignment modes) and to  acceleration sensitive drift 
and to accelerometer bias (for earth launch alignment) will, of course, be compen- 

sated for. 

It should be noted that those sources of initial S. M. alignment e r r o r s  directly 

Accelerometer input axis misalignments wi l l  be covered in the next sub- 

sections. 

Both accelerometer acceleration squared indication uncertainty and gyro 
acceleration squared senstivie drift are difficult and time -consuming to  measure 
and for this reason and because their  effects on trajectory uncertainties are second- 

a r y  they a r e  not compensated for. 
uncertainties and through rectification effects may well have a greater  effect than 
that produced by powered trajectory o r  reentry accelerations. 
was made to study vibration effects in this chapter. 

The effects of vibrations operating through these 

However, no attempt 

Gyro output axis acceleration sensitive drift (ADOA) is a relatively difficult 
The value of 1 meru/g for  ADOA is a reasonable estimate for  e r r o r  to measure. 

this uncertainty. 

Gyro input axis misalignments affect trajectory uncertainties only in their  
effect on Stable Member azimuth misalignment pr ior  to ear th  launch alignment when 
gyro compassing is used for  azimuth alignment. 

Since none of the above IMU e r r o r s  a r e  compensated for, uncertainties a r e  the 
same as e r r o r s  for  this group. 

7.5 Accelerometer E r r o r  Coefficients 

Accelerometer bias (ACB) is defined as the indicated acceleration of the accel-  
Bias is positive when the indicated accelera- erometer  with zero input acceleration. 

tion is positive. This bias is due to torques about the output axis of the PIPA. 

Accelerometer scale factor e r r o r  (SFE) is defined as the deviation in the actual 
PIPA scale factor from the nominal scale factor divided by the nominal scale factor. 
The scale factor itself is conventionally defined as a given number of cm/sec 2 

p e r  
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pulse/sec. delivered to the computer. The scale factor e r r o r  is positive when the 
measured scale factor  (in cm/sec  per  pulse/sec o r  cm/sec pe r  pulse) is greater  
than the nominal. 
is thought of as the deviation of indicated acceleration from the input acceleration 
divided by the input acceleration (where ideal scale factor uould then be unity), the 
above definition of positive scale factor e r r o r  corresponds to  an  indicated accelera-  

tion less than the input acceleration. 

2 

However, i t  should be carefully noted that when scale factor e r r o r  

Accelerometer input axis misalignments a r e  not compensated for. A positive 

misalignment is a positive rotation of the input axis about the appropriate S. M. axis. 
There a r e  two misalignments associated with each accelerometer.  
ment of the Z accelerometer input axis about YSM is zero by definition. 
definition of Stable Member axes in Section 7.7). However, fo r  ear th  prelaunch 

alignment of the Stable Member the alignment of the two accelerometers,  whose 
input axes a r e  in the horizontal plane, is considered to  be perfect relative to the 

horizontal plane. This, of course, assumes zero bias accelerometers.  F o r  the 504 
ear th  launch configuration with X SM horizontal and Z SM down this means that the 
misalignments of XIA about YSM and of YIA about XSM are both effectively zero.  

7.6 

The misalign- 
(See 

Gyro Drift Coefficients and S. M. Drift Rate Equations 

Definitions for the gyro drift  coefficients, NBD, ADIA, ADSRA, and ADOA a r e  
It is assumed in the following that the gyro is servo-controlled to main- given here. 

tain the e r r o r  signal at null. 

NBD The normal excitation bias drift. It is non-acceleration sensitive. 
NBD is positive when the S. M. drift rate is about the positive gyro 
input axis (IA). 
the output axis. 
due to mechanical torques present pr ior  to gyro electrical  excitation. 

The acceleration sensitive drift ra te  due to a gyro case acceleration 
of one gravity along the input axis. 
ra te  is about the positive gyro input axis in response to  a positive 
acceleration along the positive gyro input axis. 
tive torque about the output axis. 
displacement of the center of gravity with respect to the center of 
buoyancy of the float along the positive SRA. 

The acceleration sensitive drift rate due to a gyro case acceleration 
of one gravity along the spin reference axis. It is positive when the 
S. M. drift  ra te  is about the positive gyro input axis in response to a 
positive acceleration along the positive gyro SRA. 
negative torque about the output axis. 

A positive NBD is due to a negative torque about 
The t e rm BD is used to designate gyro bias drift 

ADIA 
It is positive when the S. M. dr i f t  

It wi l l  cause a nega- 
Internalfy this t e rm is caused by a 

ADSRA 

It wil l  cause a 
Internally this term is caused 
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by a displacement of the center of gravity with respect to  the center 
of buoyancy of the float along the minus IA. 

The acceleration sensitive drift ra te  due to  a gyro case acceleration 
of one gravity along the output axis. It is positive when the S. M. 
draft  ra te  is about the positive gyro input axis in response to  a posi- 
tive acceleration along the positive gyro OA. The ADOA drift coef- 
ficient is generally sma l l  relative to  the other drift coefficients. 
There is no computer compensation for the ADOA terms.  

The following table gives the drift ra tes ,  WxsM, WysW WzsM about the 

ADOA 

Stable Member axes, XSM, YSM, ZSM respectively due to  the various gyro drift 
coefficients. Figure 7.1 in the next section shows the orientation of the Block I1 

gyro axes relative to the Stable Member axes. (Block I gyro axes have the same 
orientation with the one exception that the Z gyro IA is along +ZSW 1 The acceler- 
ation components, AXSM, AySM, AZSW are positive with reference to  S. M. axes.  
It is of interest  to note that the corresponding drift rate equations for  Block I IMUs 
have the same signs with the exception that NBDZ ca r r i e s  a plus sign. 

Gyro Drift Coefficients 

7.7 Stable Member Axes and Component Orientation Relative to S. M. Axes 

IMU Stable Member axes a r e  defined by the following equations: 

YSM = unit (IGA) 
ZsM = unit (component of Zm in plane normal to  YSM) 
XSM = unit ( Y ~ M X  ZSM) 
In words YSM is identical  with the direction of the IMU Inner Gimbal axis. 

ZSM is defined by that component of the Z PIPA input axis which lies in the plane 
perpendicular to  YSM. 

The orientation of the three S. M. gyros (size - 25 IRIGs) fo r  the Block I1 IMU 
system are shown in Figure 7.1 relative to  the positive Stable Member axes, XSM, 
YSM, ZSM. 

d 
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Y GYRO 

04Y I4x 
t 

Y GYRO 

I GYRO 

Block II IMU Gyro Axes Relative toS .  M. Axes 
Figure 7.1 

The following table gives the orientation of gyro axes relative to Stable Member 
axe s . 

IA SRA O A  I Gyro 11 Along 1 Along 1 Along 

I X 1 XSM 1 -YSM 1 ZSM 

The input axes of the X, Y, Z accelerometers (PIPAs) lie respectivelv along 
the positive XSM, YSM, ZSM axes. 

7.8 Orientation of Stable Member Axes 

The orientations of Stable Member axes pr ior  to the powered trajectories of 

interest  and prior to reentry a r e  defined here. 

Pr ior  to the CSM burn for  transearth injection as well as for translunar injec- 
tion the preferred IMU Stable Member orientation is computed as follows: 

S l v r  = Unit (XCSM) 
YSM = Unit ( X ~ S M X  R) 
ZSM = Unit (SMX YSNO 

where 

XESM = The CSM X axis a t  ignition 
R = the geo centric radius vector at t ime of ignition 
YZSM = Unit (XESMX 

- 

z 

w' 
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by a displacement of the center of gravity with respect to  the center 
of buoyancy of the float along the minus IA. 

The acceleration sensitive drift ra te  due to  a gyro case acceleration 
of one gravity along the output axis. It is positive when the S. M. 
draft  ra te  is about the positive gyro input axis in response to  a posi- 
tive acceleration along the positive gyrd OA. 
ficient is generally smal l  relative to  the other drift coefficients, 
There is no computer compensation for the ADOA terms.  

The following table gives the drift ra tes ,  WxsM, WysW WZSM about the 

ADOA 

The ADOA drift coef- 

Stable Member axes, XSM, YSM, ZSM respectively due to  the various gyro drift 
coefficients. Figure 7 . 1  in the next section shows the orientation of the Block I1 
gyro axes relative to the Stable Member axes. (Block I gyro axes have the same 
orientation with the one exception that the Z gyro IA is along +ZsM. ) The acceler- 

are positive with reference to  S. M. axes.  
It is of interest  to note that the corresponding drift ra te  equations for  Block I IMUs 
have the same signs with the exception that NBDZ ca r r i e s  a plus sign. 

. ation components, AXSM, AYSM AZSM' 

7 .7  Stable Member Axes and Component Orientation Relative to S. M. Axes 

IMU Stable Member axes a r e  defined by the following equations: 

YsM = unit (I6A) 
ZsM = unit (component of Zu in plane normal to  YgM) 
SM = unit (YSMX ZSW 
In words YSM is identical  with the direction of the IMU Inner Gimbal axis. 

ZSM is defined by that component of the Z PIPA input axis which lies in  the plane 
perpendicular to  Y SM . 

The orientation of the three S. M. gyros (size - 25 IRIGs) fo r  the Block 11 IMU 

system are shown in Figure 7 .1  relative to  the positive Stable Member axes, XSM. 
YSM, ZSM. 
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Y GYRO - 

Block 

SRAy 

Gyro Axes Relative to S. M. Axes 11 IMU 
Figure 7.1 

The following table gives the orientation of gyro axes relative to Stable Member 
axes. 

The input axes of the X, Y, Z accelerometers (PIPAS) lie respectivelv along 
the positive XSM, YSM, ZSM axes. 

7. 8 Orientation of Stable Member Axes 

The orientations of Stable Member axes pr ior  to the powered trajectories of 

interest  and prior to reentry a r e  defined here. 

Pr ior  to  the CSM burn for  transearth injection as well as for  translunar injec- 
tion the preferred IMU Stable Member orientation i s  computed as follows: 

XsM = Unit (XCSM) 
YSM = Unit (XCSMX E) 
ZSM = Unit ( ~ M x  YsMl 

where 

XESM = The CSM X axis a t  ignition 
R = the geo centric radius vector at time of ignition 
YZSM = Unit ( X ~ S M X  E> 

- 

b 

J 
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x 

It should be noted that all gimbal angles will be zero i f  the IMU is aligned to  the 
preferred orientation. 

In words XSM is oriented in the direction of the thrust  vector at ignition t ime 
and YSM is oriented normal to  the plane formed by XSM and the radius vector. 

The orientation equations pr ior  to  lunar orbit  insertion a r e  the same except 
for  the f i r s t  one, which is 

XSM = - Unit (xEsn/n 

P r io r  to  ear th  launch the Stable Member is oriented such that YSM and XSM 

lie in the horizontal plane and ZSM is down, as accomplished by vertical  erection, 
XSM is then oriented to the desired launch azimuth. 

P r io r  to  ear th  reentry the preferred orientation of the Stable Member has not 

been definitely defined to  date. 
orientation a t  reentry s t a r t  (400, 000 ft altitude) were assumed: 

F o r  this e r r o r  study the following equations for S. M. 

XFK = - Unit ( A C ~ P K )  
YSM = unit (SKX R) 
ZFK = unit (YSMX XPK) 
XS-M = - Unit (XPK + ZPK) 
ZSM = Unit (SMX YSM) 

where 

ACCPK is drag acceleration vector at time during reentry when this reaches 
its peak value. 

In other words XSM and ZSM are oriented equi-distant from the peak acceler-  
ation vector, while YSM is oriented approximately normal to  the initial orbital  plane. 

To he lp  the reader  visualize the Stable Member orientation prior to the dif- 
ferent trajectories,  the following table gives the approximate rotation angles 
required to  rotate f rom local vertical  axes a t  trajectory s ta r t  to the desired Stable 
Member orientation. Initially Stable Member axes a re  colinear with local vertical 
axes with XSM outward along the local radius vector and ZSM horizontal in the 
direction of the velocity vector (or  reference trajectory plane for ear th  launch). 

S. M. Rotation Angles 

About Local Vertical About YSM Trajectory - 
Earth Launch 0 - goo 
TLI 0 - 94O 

Re entry O0 - 91° 

LO1 20° -103O 
TEI 3O - 89O 
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7 . 9  Stable Member Alignment E r r o r s  

Alignment E r r o r s  P r i o r  to Ear th  Launch - These e r r o r s  caused primarily by 

(1) the effects of gyro drift on azimuth alignment uncertainty of the IMU Stable Mem- 
ber  and (2) the effects of accelerometer uncertainties on vertical  erection of the Stable 
Member. The assumption is here made that gyro-compassing is used to fine-align the 
Stable Member about azimuth. Figure 7 . 2  shows the prelaunch S. M. axes in relation 

to the launch inertial  axes (3, YI, ZI). XI is up along the local ver t ical  a t  t ime of 
launch, ZI is normal to XI and is oriented to the launch azimuth AZ.and YI  completes 
a right-handed set .  

Stable Member Orientation Prior to Earth Launch 

Figure 7 . 2  

Note from the figure that the angle, AYIP,  which is the rotation about YI of 
XSM from XI is -90 degrees here. Note also that a positive misalignment about XI 
is equivalent to  a negative misalignment about azimuth, since t h e  positive azimuth 
vector is along -XI. This prelaunch Stable Member orientation will be used for all  
manned flights, although not for unmanned flights. 

Alignment e r r o r  equations follow. These a re  grouped under gyrocompassing 
e r r o r s  and vertical  erection e r r o r s .  
misalignment about the inertial vector indicated by the subscript. 
flxT is the S. M. misalignment about XI. 

forms a r e  omitted from the following equations 

Here the symbol fl is used to denote the 5 ,  11. 

For example, 
Note that mlm (AZ) = Second order 

Prelaunch alignment e r r o r s  

2 ro -compass ing  e r r o r s  

X gyro drift effects 

fixI = NBDX sin (AZ)/Wh - ADOAX(g) sin(AZ)/Wh 
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Y gyro drift effects 

fix = NBDY cos (AZ)/Wh + ADSRAY ( g )  cos (AZ)/Wh 

Z gyro drift effects 

-- 

- 
fix = 0 

Vertical Erection Errors - 
fiyI = -ACBX/g 

fi,r = ACBY/g 

where: Wh = WIE cos (Lat) (earth 's  ra te  horizontal component) 

AZ = azimuth angle measured CW from north. 

To use these equations, units must be compatible, Fo r  example, i f  NBD has units 
of meru, then Wh must have the same units, 

Table 7. 8 gives the initial misalignments prior to ear th  launch due to the above 
e r r o r  sources for Block II IMU uncertainties. 

Alignment E r r o r s  P r io r  to Space Alignment - In the last  sub-section 
equations were given for  the orientation of the Stable Member at trajectory 
s t a r t ,  
computations. 
acy of the fine alignment of the Stable Member. 
these sources are: IMU gimbal resolver functional e r ro r s ,  CDU quantiza- 
tion e r r o r s ,  and misalignment of the sextant relative to the navigation base. 
A conservative RSS of all these effects on initial misalignment yields 40 secs.  
initial alignment uncertainty about each S. M. axis. 

These alignments a re  made on the basis of s t a r  sightings and CMC 
There are numerous e r r o r  sources that influence the accur- 

Most significant among 

For all powered trajectories fine alignment is assumed to be completed 
15  minutes pr ior  t o  ignition. 
45 minutes. ) If bias drift ra te  is 2 meru, then the drift angle a t  ignition time 
is 0 . 1 3  m r  (27 secs) ,  which constitutes an initial alignment e r ro r .  This 

gyro drift e r r o r  is assumed to be correlated with the drift e r r o r  effective 
during the burn itself. 

(Pr ior  to  reentry s ta r t  the assumed interval is 

Table 7.12 is a typical table giving initial alignment e r r o r s  for the t rans-  
lunar injection trajectory. 

7.10 Trajectory Data Used for  Error Studies 

Error studies for this chapter were made on the basis of trajectory data fu r -  
nished in the NASA report ,  "AS-504A Preliminary Spacecraft Reference Trajectory", 
July 1, 1966 (MSC Internal Note No. 66-FM-70).  
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The following table summarizes  the pertinent trajectory data that have 

particular meaning fo r  the e r r o r  studies. 
acceleration. 

Delta V is the integral of thrust  

Total 
Duration AV 

Secs. ft/sec. 

674 26, 785 

343 10 ,460 

382 3,192 

120 2,650 

696 34, 820 
- 

Table 7.5 

504 Trajectory Data 

- -  
AV Peak 

AV in normal  to  Accel- 
orbit plane orbit plane eratiog 

ft/sec. ft/sec. f t /sec 

26, 785 0 138 

10,460 89 48 

2,917 1,295 10 

2,  648 119 25 

34, 814 635 181 

Initial 
Pitch 
Angle 
deg. 

-- 

5. 6 

-13. 6 

1 .0  

- -  

Initial 

Angle 

-160. 8 

3. 4 

- -  

7.11 Earth Launch and Translunar Injection Uncertainty Data 

Since Saturn guidance is primary for both the ear th  launch to  orbit and the 
translunar injection (2nd SIVB burn) trajectories, the data presented here repre-  
sent uncertainties in monitoring these trajectories. 

Earth Launch to  Orbit Uncertainties - Tables a t  the end of this chapter give 
data on monitoringuncertainties a t  f i rs t  SIVB cutoff and a t  maximum altitude uncer- 
tainty point in resulting orbit, These tables are: 

7.6 

7. 7 Uncertainties in Flight Path Angle, Velocity Magnitude, etc. 
7.8  S. M. Misalignments and Drift Summary 
7. 9 Indication Uncertainties a t  Max. Altitude Uncertainty Point in Resulting 

Orbit After Ear th  Launch Cutoff 

Indication Position I% Velocity Uncertainties a t  Earth Launch Cutoff 

In the computations for  the last  table (7. 9) t h e  effects of venting uncertainties 
on the orbit were not considered. While the RSS altitude uncertainties are at a maxi- 
mum for Table 7. 9, the altitude uncertainties due to individual IMU uncertainties are 
not necessarily at a maximum for this particular point in free-fall orbit. 
of some of the significant uncertainty data follows. 

A summary 

RSS Attitude Uncertainties at Earth Launch Cutoff . . . . . 3,045 ft.  
Max. RSS Altitude Uncertainties in Resulting Orbit . . . . 1 4 , 4 5 4  ft. 
RSS Track  Uncertainties a t  EarthLaunchCutoff . . . . . . 26,617 ft 
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Max. RSS Track  Uncertainties in Resulting Orbi t  . . . . . 63,910 f t .  
Orbit Inclination Uncertainty . . . . . . . . , . . , . , . 0.17 deg. 
Increase in Range Uncertainty per  Orbit . . . . , . . . . 10.8 n. mi, 

Translunar Injection Uncertainties - There are three detailed tables on moni- - --- 
toring uncertainties a t  translunar injection cutoff (2nd SIVB burn) similar to  the f i r s t  
three given for ear th  launch, These tables include the effects of tracking update un- 
certainties which were  discussed in Section 7.3. 

Simulation of translunar injection included the ullage thrust (1 200 pounds 
average) of about 9 secs .  duration. 
a major venting thrust  (140 pounds) that takes place coincidental with ullage s t a r t ,  
In parking orbit and pr ior  to  ullage s t a r t  there is continuous venting with an average 

2 thrust  level of about 14 pounds giving an average acceleration of 0.05 cm/sec  . 
Accelerometers a r e  assumed in the e r r o r  studies to be turned on coincidental with 
ullage s ta r t .  

According to data received from NASA there  is 

In Table 7.11 data is given in the las t  column on the approximate velocity 
correction required at injection plus 8 hours out for  each IMU uncertainty. 
course,  assumes that the IMU participates in active guidance (in backup modes) of 
the spacecraft burn, and is furnished only to help the reader  evaluate the significance 
of the individual IMU uncertainty contributions. 

7.12 G&N Uncertainties for  CSM Lunar Trajectories and for  Reentry 

The polarities of the e r r o r  tables for  lunar orbit insertion (LOI), for t rans-  

This,  of 

ear th injection (TEI) and fo r  ear th  reentry a r e  for  e r r o r s  in actual spacecraft posi- 
tion and velocity minus the nominal position and velocity, where active G&N guid- 
ance is assumed. 

Lunar Orbit Insertion - Tables at the end of this chapter give detailed uncer- 
tainty data for  this burn as follows. 

- 
A l l  but the last  table a r e  for LO1 cutoff. 

7.13 
7.14 Uncertainties in Flight Path Angle, Velocity Magnitude, etc. 
7.15 S. M. Misalignments and Drift Summary 
7.16 Uncertainty Covariance Matrices 
7.17 Uncertainties at Max. Altitude Uncertainty Point in Resulting Orbit 

These tables include the effects of radar tracking update uncertainties. 

Position and Velocity Uncertainties a t  LO1 Cutoff 

A 
summary of the significant mcertainty data follows: (These include update uncer- 

tainty effects). 
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RSS Attitude Uncertainties at LO1 Cutoff.  , . . . . . . . . 1,187 f t .  

Max. RSS Altitude Uncertainties in Resulting Orbit . . . . 12, 130 f t .  
RSS Track  Uncertainties a t  LO1 Cutoff . , . . . . . . , . 7,285 f t .  
Max. RSS Track  Uncertainties in Resulting Orbit . . . . , 15, 005 ft.  
Orbit Inclination Uncertainty . . . . . . . . . . . . . . , . 0. 1 4  deg. 
Increase in Range Uncertainty per  Orbit . . . . . . . . . . 9. 2 4  n. mi. 

It is interesting to note that the maximum RSS altitude uncertainty due to IMU 
uncertainties is 11,945 feet ,  although at LO1 cutoff it was only 509 feet. 
ponding figures for  tracking update uncertainty are 2, 100 ft .  maximum in orbit  and 
1,072 ft. at LO1 cutoff. 

The co r re s -  

This represents a markedly narrower range. 

Accelerometer bias is the prime contributor to guidance uncertainty. 
Stable Member misalignments due to  fine alignment uncertainties and to bias drift 
p r ior  to  trajectory s ta r t  are also important contributors. 
relatively minor. 
a 5 degree plane change from ignition to cutoff. 
(XSM is along the negative of the initial thrust  vector) a r e  not square with the 
free-fall plane. 

Initial 

A l l  other effects a r e  

The lunar orbit trajectory simulated for the e r r o r  studies produced 
F o r  that reason Stable Member axes 

initial 

Transear th  Injection Uncertainties - The tables giving e r r o r  data for TEI cutoff --- 
are: 

7. 18  

7.19 Uncertainties in Flight Path Angle, Velocity Magnitude. etc. 
7.20 S. M. Misalignments and Drift Summarv 
7.21 Uncertainty Covariance Matrices 

These tables include the effects of uncertainties in on-board naxigational update 

Position and Velocity Uncertainties 

using the results of landmark tracking for t r o  l u n a r  orbits. 
update using earth-based radar  tracking data, could have been used .  

A s  an alternate procedure 

The tables show that the propagated update uncertainties a r e  somewhat larger  
than those associated with IMU uncertainties. This is primarilv lxcause transearth 
injection is a relatively brief burn (120 seconds), and position and velocitv uncertain- 
ies due to  accelerometer bias (the dominant uncertaintv effect) do not have time to .get 
relatively large.  
ments due to  fine alignment uncertainties and to  bias drift pr ior  to burn imition. 

The other significant IMU uncertainties are the initial S. 37. misalign- 

Earth Reentry - The e r r o r  tables fo r  reentry a r e  for that time when drogue 
parachute deploys at an altitude of 24, 000 feet. These are: 

7.22 

7.23 Uncertainties in East-North Coordinates 

Uncertainties in Earth Range Coordinates 

c 



7.24 Uncertainties in Latitude, Longitude, etc. 
7.25 

These tables include the effects of radar  tracking update just pr ior  t o  reentry 

S. M. Misalignments and Drift Summary 

start at 400, 000 ft. altitude. 

The first table listed gives data in local vertical-earth range coordinates. The 

range direction is here defined to  be parallel  to the ground t rack of the spacecraft  
trajectory as viewed by an ear th  observer. 
t rack is 118', whereas the inertial azimuth is about 90 . 

At reentry end the azimuth of the ground 
0 

Both the f i r s t  and second tables give position and velocity uncertainty data co r -  
responding to  the time when the spacecraft reaches the nominal altitude of 24, 000 feet. 
The third table is furnished primarily to give data on uncertainties in latitude and lon- 
gitude, a lso data for elapsed t ime from altitude at  nominal time to nominal altitude. 

F r o m  these tables we find that: (including update uncertainties) 

CEP = 0. 79 naut. mile 

RSS Lat. Uncert. = 0.0148 deg. = 0. 89 mins. 

RSS Long. Uncert. = 0.0100 deg. = 0. 60 mins. 

7.13 E r r o r  Computation Procedure 

The position, velocity and other uncertainties given in the e r r o r  tables were  
computed as follows. Approximate e r r o r  equations describing the effect of IMU com- 
ponent e r r o r s  on acceleration indication e r r o r  were incorporated in a computer 
program. These equations included the effect of the position e r r o r  on the computation 

of gravity. 
and velocity could be obtained. 
were: 
the IMU component e r r o r s  were statistically independent of each other. 

Through two successive integrations e r r o r s  in indicated trajectory position 
The assumptions underlying the use of these equations 

(1) the e r r o r s  were small  relative to the parameters being measured, and ( 2 )  

Computation of the above e r r o r s  required as inputs to the main computation 
program two se t s  of vectors, one for  spacecraft acceleration and the other for  i t s  
position. 
simulated. 
printouts could be made. 

7.14 Error Table Definitions 

These were generated in a separate program where a nominal trajectorv was 
At significant events, each as powered trajectory cutoff, detailed e r r o r  

Definition of Local Vertical Axes - Many of the e r r o r  tables give position and 

velocity uncertainties relative to local vertical coordinate axes (indicated or actual) at 
nominal event time. These are defined a s  follows: 
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Altitude 

Track  AlongVx R 

Range Along Altitude X Track 

The one exception to the above definitions is the data given for reentrv end. 

Outwards along R a t  event time 

There range is defined as parallel t o  the ground track of the descending spacecraft, 
and track as perpendicular to the altitude-range plane, 

Symbols for  IMU Uncertainties 

Accelerometer Bias Uncertainty 

- 

ACBX X accelerometer bias,  etc. 
CM/S. SO. centimeters/sec 2 

Accelerometer Scale Factor Uncertainty 
SFUX X accelerometer scale  factor uncertaintv, etc 
P P M  par t s  per million 

Accelerometer Acceleration-SquaredL Indication IJncertainty 
NCXX X accelerometer accel. squared indic, uncert . ,  etc.  
MG/GSQ 

Gyro Bias Drift 
NBDXINIT 

micro - gs /g  squared 

Effect on initial S. M. misalignment d u e  to 15  minutes Y p r o  
bias  drift before trajectory s tar t  (45  mins before reentrv) 
Effect of X gyro drift during powered trajectorv or reentrv 
Total o r  combined effects of Y gvro bias dr i f t  

Milli-earth ra te  unit = 0.015 deg/hour 

NBDXFLGT 
NBDXCOMI3 
ME RU 

Gyro Acceleration Sensitive Drift 
ADX-Terms RSS of uncertainties due to X gyro's ADIAY. ADSRAX and 

ADOAX drift uncertainties. Uncertaintv values for ADTAY 

and ADSRAX are given in e r r o r  tables 
Milli-earth ra te  unit/g = 0. 01 5 deg:/hour/g MERU/G 

Gyro Acceleration Squared Sensitive Drift 
ADIXX X gyro accelerationsquared sensitive drift due to  acceleration 

along its input axis 
Y gyro acceleration-squared sensitive drift due t o  acceleration 

along its spin reference axis 
Z gyro acceleration-squared sensitive drift due to acceleration 

along its input axis 
Milli-earth rate unit/g2 = 0.01 5 deg/hour/g 

ADSYY 

ACIZZ 

2 
MERU/GSQ 
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E r r o r  Tables 

7. 6 
7.7 
7.8 
7.9 

7.10 
7.11 
7.12 
7.13 
7.14 
7.15 
7.16 
7.17 
7.18 
7.19 
7.20 
7.21 
7.22 
7. 23 
7. 24 
7.25 

Position and Velocity Uncertainties at Earth Launch Cutoff 
Other Uncertainties at  Earth Launch Cutoff 

S. M. Misalignments and Drift Angles at Earth Launch Cutoff 
Uncertainties at Max. Altitude Uncertainty Point in Orbit A f t e r  Earth Launch 
Cutoff 
Position and Velocity Uncertainties at TLI Cutoff 
Other Uncertainties at TLI Cutoff 
S. M. Misalignments and Drift Angles at TLI Cutoff 
Position and Velocity Uncertainties at LO1 Cutoff 
Other Uncertainties at Lo1 Cutoff 
S. M. Misalignments and Drift Angles at  LO1 Cutoff 
Uncertainty Covariance Matrices a t  LO1 Cutoff 
Uncertainties at Max. Altitude Uncertainty Point in Orbit After LO1 Cutoff 
Position and Velocity Uncertainties a t  TEI Cutoff 
Other Uncertainties at TEI Cutoff 
S. M. Misalignments and Drift Angles at TEI Cutoff 
Uncertainty Covariance Matrices at TEI Cutoff 
Position and Velocity Uncertainties at Reentry End 
Position and Velocity Uncertainties at Reentry End (East-North Axes) 
Other Uncertainties at Reentry End 
S. M. Misalignments and Drift Angles at Reentry End 
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